A 2-orbital t-J model over the square lattice that describes low-energy electronic excitations in iron-pnictide high-T c superconductors is analyzed with Schwinger-boson-slave-fermion mean field theory and by exact numerical diagonalization on a finite system. When inter-orbital hole hopping is suppressed, a quantum critical point (QCP) is identified that separates a commensurate spindensity wave (cSDW) state at strong Hund's rule coupling from a hidden half-metal state at weak Hund's rule coupling. Low-energy spinwaves that disperse anisotropically from cSDW momenta are predicted at the QCP. Nested Fermi surfaces similar to those observed experimentally in ironpnictide materials are also predicted in such case.
I. INTRODUCTION
High-temperature superconductivity in iron-pnictide materials is achieved by injecting charge carriers into stoichiometric parent compounds that show commensurate spin-density wave (cSDW) order over a tetragonal lattice of iron atoms [1] [2] . The charge carriers in these systems have predominantly iron 3d-orbital character [3] [4] [5] , and they exist at twodimensional (2D) hole-type and electron-type Fermi surface pockets centered, respectively, at zero 2D momentum and at the 2D cSDW momenta (h/2a)x(ŷ) [6] [7] [8] . Here, a is the iron 2D lattice constant. Density functional theory (DFT) calculations correctly account for the Fermi surfaces that are also observed in the cSDW [9] , but they predict an ordered moment of approximately 2 Bohr magnetons (µ B ) that is large compared to measured values that can be as low as 0.3 µ B [2] . Frustrated 2D Heisenberg models that assume local magnetic moments at the iron atoms can account for the weak cSDW observed in parent compounds, on the other hand [10] [11] [12] [13] [14] . They cannot predict the observed Fermi surface pockets, however, because local-moment magnets are Mott insulators.
Below, we introduce mobile holes into a two-orbital local-moment model for frustrated magnetism that successfully describes the weak cSDW nature of iron-pnictide systems [14] .
Exact diagonalization of one hole that hops over a square lattice of iron atoms in a single layer obtains a robust cSDW groundstate at 1/2 the cSDW momenta when Hund's rule is obeyed (cf. ref. [15] ). Both the exact and a mean-field analysis find that two Fermi surface hole pockets centered at zero 2D momentum can emerge when Hund's rule is violated, at sufficiently weak inter-orbital hopping of electrons. The ground state in question is the half-metal state with antiferromagnetic order across the 3d (x+iy)z and 3d (x−iy)z orbitals of the iron atom [14] . Proximity to a quantum critical point (QCP) that separates the hidden half-metal at weak Hund's coupling from a cSDW metal [16] at strong Hund's coupling results in weak cSDW order and in low-energy spin-wave excitations at cSDW wave numbers.
The latter disperse in a manner that is consistent with inelastic neutron scattering (INS) measurements in iron-pnictide metals [17] [18] . The critical spinwaves in turn result in nested Fermi surface pockets that are centered at cSDW wave numbers, in agreement with angleresolved photoemission (ARPES) on iron-pnictide metals [7] . These have mixed electrontype and hole-type character, however, which is a feature that has also been seen in ARPES studies of iron-pnictide metals [8] .
II. 2-ORBITAL t-J MODEL: MEAN FIELD THEORY AND EXACT RESULTS
We shall now show that a hidden half-metal groundstate emerges from the following twoorbital t-J model over the square lattice, where double occupancy at a site-orbital is strictly forbidden:
Above, S i,α is the spin operator that acts on the spin s 0 = 1/2 state of the 3d (x+iy)z (d+) or 3d (x−iy)z (d−) orbital, α = 0 or 1, in the iron atom at site i. The latter runs over the square lattice of iron atoms that make up an isolated layer. The former basis of d± orbitals is the least localized one (cf. ref. [19] ), which maximizes the Hund's coupling, −J 0 . It therefore minimizes the Hund's rule exchange energy in the 2-orbital t-J model (1) . Nearest neighbor and next-nearest neighbor Heisenberg exchange across the links i, j and i, j is controlled by the exchange coupling constants J α,β 1 and J α,β 2 , respectively. These are necessarily isotropic over the d± orbital basis. Correlated hopping of an electron in orbital α to a neighboring unoccupied orbital β is controlled by the hopping matrix element t α,β
1 . The Heisenberg model that corresponds to (1) in the absence of charge carriers possesses a QCP at large s 0 that separates a cSDW at strong Hund's coupling from a hidden ferromagnet that shows տ d+ ց d− spin order at weak Hund's coupling if off-diagonal frustration exists [14] : e.g.
Here the superscripts and ⊥ refer to the relationship between the orbital indices α and β. Recent DFT calculations show that the superposition of direct ferromagnetic exchange with super-exchange across nearest-neighbor iron atoms can result in the cancellation J 1 = 0 [4] . The remaining positive exchange coupling constants are assumed to be due to the super-exchange mechanism [10] [20] .
Let us now turn off inter-orbital hopping: t ⊥ 1 = 0. Notice that antiferromagnetic order across the d+ and d− orbitals then remains intact in the presence of mobile holes [14] . This is a classical picture for a half-metal groundstate that shows տ d+ ց d− spin order.
To describe it, we adopt the Schwinger-boson (b) slave-fermion (f ) representation for the correlated electron [15] 
is the Hamiltonian for free Schwinger bosons, with
and where
is the Hamiltonian for free slave fermions, with
is the 3-momentum for these excitations, 
where 
The solution to the above mean field theory is achieved by making the standard Bo-
1/2 is the energy eigenvalue of the (β) boson. Enforcing the constraint against double occuppancy (2) on average then yields the principal mean field equation [22] 
where n B denotes the Bose-Einstein distribution. Ideal Bose-Einstein condensation (BEC)
into the two lowest-energy states at k = 0 occurs as temperature T → 0, in which case δλ → 0. The remaining self-consistent equations for the Schwinger-boson mean fields are
and
After comparison with (3), ideal BEC as T → 0 implies the unique value Q = s 0 for all five of these mean fields in the large-s 0 limit. Last, the self-consistent mean field equation for intra-orbital hole hopping is
, where n F is the Fermi distribution function. We henceforth assume a hole band at low doping, t 1 < 0 and x ≪ 1, which implies two degenerate circular Fermi surfaces centered at zero 2D momentum with Fermi wave vector k F a = (4πx) 1/2 . This yields the amplitude P 1 = x/2 for intra-orbital hole hopping.
Inspection of the spectrum for Schwinger bosons, ω b (k), yields a spin gap at cSDW wave numbers (π/a)x(ŷ) equal to
where
0 2t 1 x is the critical Hund's coupling at which ∆ cSDW → 0. Notice that intra-orbital hole hopping stabilizes the hidden half-metal state.
We therefore propose (i) that the normal state of iron-pnictide superconductors is described by the present hidden half-metal state, and (ii) that the cSDW/superconductor transition that these systems commonly exhibit [2] [7] is controlled by the QCP at Hund's coupling −J 0c .
The linear increase of −J 0c with the concentration of holes x implies a charge-carrier-poor cSDW and a charge-carrier-rich superconductor, which is consistent with experiment.
Transverse dynamical spin correlations are obtained directly from the above Schwingerboson-slave-fermion mean field theory. In particular, we have
are the regular and the anomalous Greens functions for the Schwinger bosons, and where the notation f * g denotes a convolution in frequency and momentum. This yields an Auerbach-Arovas expression for the dynamical spin correlator at T > 0 [23] . It is easily evaluated in the zerotemperature limit, where ideal BEC of the Schwinger bosons into the doubly degenerate k = 0 ground state occurs. It contributes to half of the net transverse spin correlator, which in this limit and at large s 0 reads
Here, Ω ± = Ω ±Ω ⊥ . The above dynamical spin correlator coincides with the transverse spin susceptibility, χ ⊥ (k, ω), in the present zero-temperature limit by the fluctuation-dissipation theorem. Observe now that Ω − (π, k) and Ω + (0, k) both vanish at k = 0 in general, while Ω − (0, k) and Ω + (π, k) both vanish at cSDW wave vectors k = (π/a)x(ŷ) at the QCP [14] .
The identity ω b = (Ω − Ω + ) 1/2 then ultimately yields that spinwaves at zero 2D momentum disperse isotropically as ω b (k) = v 0 |k|, while those at cSDW wave numbers disperse anisotropically as
(See fig. 1a .) Here, k l and k t are the longitudinal and the transverse components of k with respect to the cSDW wave number. The longitudinal spin-wave velocity is
and the anisotropy parameter is
which is greater than unity. Here
Study of the spectral weights in expression (5) for χ ⊥ (k, ω) then yields that the former spinwaves at zero 2D momentum are hidden (k 0 = π), while that the latter spinwaves at cSDW momenta are observable (k 0 = 0). Figure 1a displays χ ⊥ (k, ω) at the QCP in the observable channel, k 0 = 0, assuming off-diagonal magnetic frustration and a low concentration of mobile holes: The electronic structure of the hidden half-metal state can also be obtained directly from the above Schwinger-boson-slave-fermion mean field theory. In particular, the electron propagator is given by the convolution of the propagator for Schwinger bosons with the propagator for slave fermions:
A standard summation of Matsubara frequencies yields the expression
Ideal BEC of the Schwinger bosons at 2D momentum q = 0 results in the following coherent contribution to the electronic spectral function at zero temperature and at large s 0 :
. It reveals the two degenerate hole bands expected from the classical picture of a half-metal state with տ d+ ց d− spin order and with no inter-orbital hopping [14] . The fermion contribution to Im G(k, ω) above represents incoherent excitations. They show a gap ∆ cSDW (4) at cSDW momenta. Those originating from the second term in (9) are combinations of a hole with a spinwave, with a total energy that lies below the Fermi level. The incoherent contribution originating from the first term in (9) is the time-reversed counterpart, and it doesn't contribute at energies below the Fermi level in the zero-temperature limit. Last, the ratio of the incoherent spectral function integrated over momentum in the vicinity k = 0 or (π/a)x(ŷ) compared to the coherent counterpart is
as ∆ cSDW → 0, where −ω measures how far in energy the hole lies below the Fermi level, and where γ is the anisotropy parameter of the spinwave dispersion in question (see fig. 1a ).
We will now evaluate the former incoherent contribution to the spectral function in the We have confirmed the main results of the above mean field theory analysis of the hidden half-metal phase by obtaining the exact low-energy spectrum of one hole in the two-orbital t-J model (1) over a periodic 4×4 lattice of iron atoms using the Lanczos technique [24] . The by exploiting translation and reflection symmetries. The Heisenberg exchange terms of the Hamiltonian (1) were stored in memory as permutations of the spin backgrounds. Hole hopping was computed at each application of the Hamiltonian (1), on the other hand. Last, the Lanczos procedure was applied numerically using the ARPACK subroutine library [25] .
Figures 3a, 1b and 3b show how the magnetic order and how the low-energy spectrum of the t-J model (1) [14] . This is consistent with the previous mean field theory result for J 0c , and it is likely due to the suppression of quantum fluctuations in the antiferromagnetic state by intraorbital hole motion. These matches indicate that the above Schwinger-boson-slave-fermion mean field theory is a valid approximation of the 2-orbital t-J model, Eq. (1), in the hidden half-metal phase. Finally, fig. 3b demonstrates that the groundstate is a robust cSDW state with a large ordered moment if Hund's rule is obeyed. It carries momentum ±(π/2a)x(ŷ) (cf. ref. [15] ), however, and it therefore is unable to account for any of the Fermi surface pockets that are observed by ARPES on iron-pnictide materials [6] [7] [8] .
III. CONCLUSIONS
Above, we have shown that a hidden half-metal state near a QCP into a cSDW state exhibits the nested 2D Fermi surfaces that are characteristic of iron-pnictide high-T c superconductors [7] [8] . The Fermi surfaces predicted here with the bare minimum of 3d xz and 3d yz orbitals are in fact similar to those obtained by electronic band structure calculations that include all five 3d orbitals [5] . In particular, zone-folded Fermi surfaces centered at momentum (π/a, π/a) have low spectral weight in such case [cf. fig. 2d ]. Further, our mean field theory predicts a mixture of electron and of hole dispersion for Fermi surface pockets centered at cSDW momenta (see fig. 2 ). This has been been observed by ARPES on iron-pnictide superconductors in certain cases [8] .
We have also demonstrated above that the low-energy spectrum of the hidden half-metal state at the QCP contains zero-energy spin-wave excitations that disperse anisotropically away from cSDW momenta. The critical spin-wave spectrum notably exhibits a local maximum at the Néel momentum (π/a, π/a), which is consistent with INS on a parent compound to iron-pnictide superconductors [17] . It was predicted previously by one of the authors in the case where mobile holes are absent [14] . Last, we have identified the anisotropic spinwave velocities at cSDW momenta with the corresponding electron Fermi velocities around 
